The use of portable gas chromatography-mass spectrometry (GC-MS) is an important capability that has been available commercially for almost 25 years. These systems have been used within a variety of different industries, including their extensive use by environmental scientists for the analysis of hazardous air pollutants. Recently, these systems were deployed to conventional military forces for use in theater to detect and identify toxic chemicals including chemical warfare agents (CWAs). The challenges of deploying such complex analytical instruments to these military users are unique. Among other things, these organizations have considerable and variable mission strains, complex and difficult logistics and coordination needs, and variability in user backgrounds. This review outlines the value portable GC-MS systems offer to these warfighters in theater, discusses some important aspects of the design of portable systems that makes their deployment to this type of end user possible, and proposes methods that can be used to overcome challenges to successful deployment of portable GC-MS to non-scientists working within hostile environments.
Introduction
The detection and conclusive identification of chemical warfare agents (CWAs), chemical weapons, toxic industrial chemicals (TICs), and toxic industrial materials (TIMs) in theater is an important capability of the United States military and militaries throughout the world. Concern about these substances is as real today as it was 100 years ago when chemical weapons were used against Allied troops [1] [2] [3] during World War I, even though the use of such substances was forbidden under the Hague Declaration of 1899 4 and the Hague Convention of 1907. 5 Once Germany broke the taboo against poison warfare at the Second Battle of Ypres in April 1915, all of the other major combatants followed suit. By the end of the war, attacks with chlorine, phosgene, mustard gas, and other toxic agents had inflicted roughly one million casualties, about 90 000 of them fatally. 6 Although the investment in military resources to address chemical warfare has continually gone in and out of favor over the past century, 1 chemical weapons remain a critical threat as evidenced by their confirmed use in 2018 in both Syria 7, 8 and the United Kingdom, [9] [10] [11] in spite of the Chemical Weapons Convention (CWC). 12 A chemical agent can be defined as a chemical substance that is intended for use in military operations to kill, seriously injure, or incapacitate primarily through its physiological effects. 13 When these toxic chemicals and their precursors are prohibited under the CWC, 12 they can be classified as CWAs. Chemical warfare agents include choking, nerve, blood, blister, and incapacitating agents. 14 Compared to conventional weapons, relatively small amounts of modern chemical agents may cause high numbers of casualties; therefore, CWAs have been classified as weapons of mass destruction (WMD). 15 Chemical warfare has a long history dating back thousands of years to at least 1000 B.C.E. with the use of arsenical smokes by the Chinese. 1 Throughout the centuries, different chemicals and delivery methods were employed. In 600 B.C.E., the Athenian military tainted the water supply of the besieged city of Kirrha with poisonous hellebore plants. 3 In 256 C.E., Roman soldiers at Dura-Europos, Syria were killed by gassing using sulfur dioxide. 16 During the siege of Belgrade in 1456, poison clouds were created through the burning of chlorine-soaked rags. 17 In 1845, French troops forced more than 1000 members of a Berber tribe into a cave and then used smoke to kill them. 3 Throughout the second half of the 20th century, chemical weapons proliferated to several countries in the developing world 6 and were used on the battlefield in the Yemen Civil War (1963) (1964) (1965) (1966) (1967) 18 and the Iran-Iraq War (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) . 19 While the chemicals used in warfare and methods of delivery varied throughout the centuries, what was consistent was that most chemical agents used were not specifically designed for warfare. This changed during the 20th century with the synthesis of modern CWAs including nerve agents like tabun, sarin, and soman (G-series agents) beginning in Germany in 1936, 20 more persistent nerve agents (V-series) including VX by the British in 1953, 1 and VR and the Novichoks by the Russians toward the end of the 20th century. 21 VX was initially developed as a pesticide, but then transferred to the British chemical warfare establishment at Porton Down and became the first of the V-series nerve agents. These V-series nerve agents readily penetrate the skin and are lethal in minute quantities. As an example, a drop of VX weighing 10 mg can kill a grown man in minutes. 6 Although the development of VR and the Novichoks by the Russians was secretive and information available about these substances is quite limited, there are some publicly available sources that describe their purported development and chemical and physical properties. 6, 21, 22 There are many reasons the synthesis and development of chemicals specifically for use in warfare is important. First, substances developed can be designed to circumvent detection and identification capabilities in the field, and the requirements of treaties like the CWC. 21 Second, these substances can be tailored to meet toxicological or pharmacological goals. In addition, manufacturing, storage, transport, and delivery methods can be considered and optimized. While chemical weapons can be deadly in and of themselves, it is the method and accuracy of their delivery that determines the severity of their damage. 23 Delivery methods can be simple or complex. During World War I, for example, valves on canisters of chlorine were opened; the poisonous gas would drift across enemy lines and soldiers hoped the wind continued to blow in the right direction. The resulting cloud could drift many miles behind enemy lines, but if the wind changed, could gas friendly troops. 1 Although primitive and frequently not practical, this method of delivery is indicative of the simplicity of potential dispersion of dangerous gas-phase or aerosolized chemicals. Virtually any country or subnational group with significant resources can attain the minimum capability that would be needed to meet terrorist goals.
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In other situations, conventional munitions can be modified to deliver chemical agents. Here, the physical and chemical properties of the agent can be considered during determination of delivery method so that optimal damage is inflicted. Typical chemical munitions may include aerial bombs, artillery rockets, artillery shells and mortar rounds, grenades, mines, missile warheads, and sprayers and spray tanks. These normally contain burst chargers surrounded by bulk-filled agents. The burst charge ruptures the munitions and causes the agent to be disseminated as a stream or cloud of small droplets. When more controlled dissemination of CWA is needed, air-or ground-based aerosol generators can be used. 23 Another aspect of CWA delivery and the development of chemical warfare in general is the use of binary munitions. Before the 1950s, chemical weapons were unitary chemical munitions, meaning that the agent was produced at a plant, filled into the munitions, and then stored ready to be used. Since most agents were extremely corrosive, unitary munitions were logistical nightmares for long-term storage. The binary concept was to mix two less-toxic materials and thereby create the nerve agent within the weapon after it was fired or dropped. Since the two precursors could be stored separately, the problems of longterm storage and safe handling of chemical weapons were solved. 1 Proponents of binary agents considered them a safe alternative over unitary munitions. Critics of the development of binary agents such as Dr. Charles Price, who represented the American Chemical Society in his address to the House Foreign Affairs subcommittee in May 1974, considered any safety benefits to the development of binary agents to be outweighed by the moral sanction that continued development of chemical weapons would grant to other nations, as well as the fact that technology would be disseminated to less developed countries. The simplicity and accessibility of the components of the binary agents makes these weapons potentially available to terrorists. 25 The debate about chemical warfare continues today, but it remains clear that detection and identification of CWAs and other TIMs in the field at low levels is a critical need of military organizations.
Portable Gas Chromatography-Mass Spectrometry Background
There are many methods used to screen and detect CWAs and TICs in the field. These methods range from simple color tests capable of detecting different functional groups of the CWA or TIC molecule, to advanced methods such as gas chromatography-mass spectrometry (GC-MS) that can identify and even quantify the specific chemical composition of the CWA or TIC substance. [26] [27] [28] [29] Portable GC-MS is valuable as a confirmatory method and likely offers the best potential for meeting the current and evolving analytical challenges of the military associated with CWA and TIC detection and identification in the field. First, the vapor pressure of many modern CWAs (Table I) is low and, therefore, detection limits for viable field detection and identification technologies need to be low (like they are for portable GC-MS). In addition, GC-MS systems integrate separation, identification, and quantitation capabilities, which is especially important for field applications where mixture samples are commonly encountered. Optical techniques including infrared (IR) and Raman spectroscopies are valuable as bulk identifiers, but these methods are challenged by mixtures, especially when the component of interest is at low concentration. [30] [31] [32] Other methods such as ion mobility spectrometry (IMS) can detect and presumptively identify trace residues of chemicals (in some instances down to a few nanograms or less), 33 but not when these trace residues are in complex sample matrices. 34, 35 Portable GC-MS systems, on the other hand, can reliably and rapidly detect and identify these substances at low concentrations, even when the substance is masked in a complex matrix.
A group of chemical substances that has received considerable attention lately are the fentanyls. [36] [37] [38] [39] [40] [41] Fentanyl (Fig. 1) is a powerful synthetic opioid. This drug was first used as an intravenous analgesic clinically in Europe in 1963 and in the United States (as a component of Innovar) in 1968. 42 It is used to manage acute and chronic pain including cancer pain, 43 pain from war injuries, 44 pain during childbirth, 45 and postoperative pain. 46 Due to the fact that the fentanyls are active in the sub-mg range, they are some of the most potent medications known to exist. 40 Fentanyl is considerably more potent than morphine (80-100 times); 47 analogues are even more dangerous. As examples, 3-methylfentanyl ( Fig. 1 ) is reported to be 400-6000 times more potent than morphine depending on the racemic form;
48 carfentanil ( Fig. 1 ) is reported to be 10 000 times more potent than morphine. 49 Fentanyl and its analogues are not new to the military. As previously mentioned, fentanyl is used to manage treatment of pain from war injuries. 44 Due to the high potency of fentanyl and its analogues, their use as a potential CWA by terrorist organizations or on the battlefield is of concern. In fact, a fentanyl compound was used by the Russian security authorities in their standoff with the Chechen Islamic militants at the Dubrovka Theater in Moscow in 2002. 50, 51 An aerosolized version of the chemical substance 3-methylfentanyl was purportedly used by the Russian security authorities with the intention of incapacitating, but ended up killing many of the hostages. 52 Due to the considerable differences in potencies of the fentanyls as well as the potential they will be encountered in the field, the ability to differentiate different analogues of these substances is an important military capability. Portable GC-MS may be used to successfully differentiate analogues of fentanyl. Figures 2-4 show the mass spectra of fentanyl, 3-methylfentanyl, and carfentanil, respectively. All three mass spectra are different from each other. These data were collected using a portable GC-MS which employs a toroidal ion-trap MS. The 245 is the dominant ion fragment in fentanyl, 259 is the dominant ion fragment in 3-methylfentanyl, and 303 is the dominant ion fragment in carfentanil. The retention times of these substances are different and could be easily separated from each other during the GC portion of the analysis. Although the mass spectra could also be used to distinguish and identify these substances, Fig. 5 shows the reconstructed ion chromatograms (RICs) of the dominant ion fragments of 3-methylfentanyl and carfentanil. Monitoring specific ions is a relatively easy way to visually detect differences; if an operator is looking for a specific substance, this type of data evaluation can be very useful.
The fentanyl data shown previously were collected from pure standards of each analogue. It is also possible to use portable GC-MS systems to detect substances, even when they are dissolved or dispersed within complex sample matrices. Figure 6 shows a chromatogram from portable GC-MS analysis of the explosive trinitrotoluene (TNT) dispersed in a medium petroleum distillate. During the GC portion of the analysis, the TNT is completely separated from the complex mixture of hydrocarbons and other components of the petroleum distillate sample, so detection and identification of the TNT is straightforward. Even in instances where it is not possible to get full separation of the target analyte from the sample matrix, though, it may be possible to detect and identify the masked substance. Diesel fuel is comprised of a mixture of hydrocarbons with retention times that are similar to the retention time of TNT. Figure 7 shows the chromatogram of TNT dispersed in diesel, along with the mass spectrum at the retention time of TNT and the ion chromatogram for the 210 fragment. Although the mass spectrum contains a significant signal from the components of the diesel, the TNT ion fragments are still present and can be used for detection and identification. In addition, the quality of data achieved using GC-MS enables a conclusive identification, as GC-MS is often considered the ''gold standard'' of gas-phase identification. [53] [54] [55] [56] Although these authors did not attempt to determine the limit of detection of TNT in diesel, reports by other authors have shown that TNT was detected at concentrations of 1 mg TNT in 31 mg diesel using portable GC-MS. 57 This type of analysis is important because in some instances, illicit smuggling of dangerous chemicals is performed by dispersing small amounts of the chemical in a complex masking substance. The reason for this is to evade standard detection methods. When these adulterated samples are analyzed using detectors such as IR or Raman, only the diesel or ignitable liquid is detected and identified.
Instrumentation
Gas chromatograph-mass spectrometers integrate two stand-alone technologies. Independently, each method has value and, when coupled, the value of the combined system is significantly enhanced over what each method offers independently. The addition of MS detection to GC analysis enables confirmation of the identity of each chemical detected and presumptively identified in the GC. Likewise, the ability to separate complex mixtures up front using GC makes it possible to concentrate and purify materials and recover spectra of these purified compounds at low concentrations, even when masked within complex matrices. 58 In addition, the mass spectrum of a mixture sample can be quite complex and differentiation of individual components of interest can be difficult to achieve.
Gas Chromatography
Gas chromatography describes all chromatographic methods in which the mobile phase is a gas and may involve either a solid or liquid stationary phase retained on a solid sorbent or column wall. 59 During GC analysis, a sample is introduced to the system and vaporized if it is not already in the gas or vapor phase. An inert gas such as helium is used as the carrier gas to help transfer the components of the sample through the GC column. During transfer of the sample through the GC, the column temperature is increased at a specified rate. Each chemical component of the sample travels through the GC column partitioning between the mobile and stationary phases. Partitioning behavior is characteristic of a chemical, as well as the GC settings and conditions, and is dependent upon many factors including the flow rate of the carrier gas, as well as the chemical's boiling point. Chemicals with lower boiling points travel through the column more quickly than chemicals with higher boiling points. The time it takes for a chemical to travel through the GC to reach the detector is known as its retention time and is used for presumptive or comparative identification. There are many (reportedly over 60) detector types that have been used with GC systems. With few exceptions, one being MS detectors, most were invented specifically for GC. 60 Table II summarizes the details of detectors commonly used during GC analysis.
Typically, GC data are reviewed to detect and describe specific analytes of interest. The retention time of the GC peak is used as the primary point of comparison with retention-time data from a standard sample. In some applications, though, the chromatographic ''pattern'' generated from all the chemicals present in the sample is used to classify the sample. This type of evaluation is frequently performed during fire investigations. Pattern recognition is identification based, not on the presence of individual compounds, but rather, on the presence of compounds in relation to other compounds. For instance, the presence of 1,2,4-trimethylbenzene by itself in the chromatogram of a fire-debris sample is not significant. However, when it is present as a portion of a key five-peak pattern of C3 alkylbenzenes, a petroleum product is indicated. 65 This five-peak group, sometimes referred to as ''the m-ethyltoluene pseudocumene five-peak group,'' is present in gasoline. It appears in many samples that contain no gasoline, but the group of peaks must be present to identify gasoline. Figure 8 shows the chromatogram of this five-peak group in a sample of gasoline analyzed using a field-portable quadrupole GC-MS.
The classification of ignitable liquids including gasoline and diesel is by necessity based upon chemical composition and boiling point range and not on the commercial use of the product. This is because an ignitable liquid of a given chemical composition may be marketed as many different end-use products. Marketing practices dictate that a product must meet certain specifications and rarely that it must have a specific chemical composition. Therefore, a paint thinner, a cleaning solvent, and a charcoal starter fluid may all be made from the same exact chemical composition. The classification of petroleum products will be based upon the general volatility of the product, expressed as a boiling point range, and upon the families of chemical compounds that are present in the product. 67 A classification scheme of ignitable liquids was developed and is maintained by the E30 Committee on Forensic Science of ASTM International. 68 Example chromatographic patterns of ignitable liquids analyzed using portable GC-MS from different classes are shown in Figs. 9-11. Figure 9 shows a chromatographic pattern of Coleman fuel, which is classified as a light petroleum distillate. Light petroleum distillates are in the hydrocarbon range between C 4 and C 9 .
68 Figure 10 shows a chromatographic pattern of paint thinner, which is classified as a medium petroleum distillate. Medium petroleum distillates are in the hydrocarbon range between C 8 and C 13 . 68 Figure 11 shows an overlay of the chromatographic patterns of the Coleman fuel and paint thinner. These chromatograms were collected using a portable GC-MS with solid-phase microextraction (SPME) sampling. Solid-phase microextraction is a general-purpose sampling method that offers utility to field users because of its simplicity of operation and, additionally, SPME devices are lightweight and do not require power. It is important to note, though, that data generated using SPME is not quantitative and, therefore, the relative ratio of chemicals present in the chromatogram should not be interpreted without careful consideration of the sample and sampling conditions.
Although the ASTM International standard is based upon GC-MS data, GC data generated using other detectors such as flame ionization detectors (FIDs) are also used by forensic scientists to analyze ignitable liquids. 65 Flame ionization detectors are sensitive to molecules that are ionized in a hydrogen-air flame, including most carbon-containing compounds. 69 They are widely used as GC detectors but, unlike MS detectors, do not provide confirmatory identification. Mass spectrometers provide chemical information about the substance that is used for identification, whereas the signal generated by an FID is not unique to the chemical detected. 
Mass Spectrometry
Mass spectrometry is widely used to identify chemical substances. During MS analysis, ionization of the molecule occurs. There are two primary methods of ionization: electron ionization (EI) and chemical ionization (CI). 58, [70] [71] [72] Ions formed comprise the molecular ion and other ion fragments of the sample that are characteristic of the molecule and the ionization conditions. Ions are separated according to their mass-to-charge (m/z) ratios using a variety of massanalyzer types. The fragmentation products are represented in the mass spectrum. In field portable instruments, most mass analyzer types are either quadrupole or ion-trap systems. 58 It seems the greatest practical advantage of quadrupole mass analyzers when used in field-portable GC-MS systems is their ability to generate mass spectra that can be more easily interpreted to determine identity of a true unknown.
With regard to field-portable ion-trap systems, their greatest advantage, when applied to field-portable GC-MS systems, is their ability to run at higher operating pressures than quadrupole systems. This capability reduces power requirements and helps support deployment in the field. 58 Historically, the ability to run at higher pressures was important because lower pressure systems such as quadrupole systems relied on the use of a non-evaporative getter (NEG) pump to achieve the required pressure, whereas ion-trap systems could use turbomolecular pumps. Although NEG pumps are lighter weight than other types of pumps ($5 lbs.), 73 they are sometimes challenging for use in the field. First, the use of a NEG pump requires the placement of a membrane at the interface between the GC and the MS. This helps maintain vacuum while selectively allowing for the flow of organic compounds to the MS, while blocking the flow of inorganic gases to the MS. 74 In some instances, though, this May ionize everything with an ionization energy less than or equal to the lamp photon energy, so it is not selective Does not detect methane, which is an important substance within the hazmat community 60, 64 membrane may unwittingly prevent the introduction of some chemicals to the MS, challenging the ability of the system to analyze these substances. 75 In addition, the NEG pump requires the use of a service module for its activation. 74 This activation process is required regularly in order for the NEG pump to remain functional 58 and can present logistical challenges for some field users. In addition, the service module is quite heavy, 73 including both a roughing pump and a turbomolecular pump to achieve activation. 76 While the service module is not required for analysis at the sampling point, it is required for sustainment of the portable GC-MS in the field. Recently, however, a portable quadrupole system that uses a high-performance turbomolecular pump was introduced to the market. 77 This system is offered as a quadrupole system with a membrane-free interface between the GC and the MS.
Snyder et al. provided an extensive review of recent advances in field mass spectrometers in 2016. 78 This manuscript followed a number of review and descriptive articles on miniature mass spectrometers. [79] [80] [81] [82] Stand-alone MS systems are not commonly encountered in the field, most likely because samples encountered in the field are frequently mixtures. It is important to note, though, that some portable GC-MS systems offer an MS-only mode of operation. In this mode of operation, the sample bypasses the GC and is either directly introduced to the MS or introduced to the MS through a membrane (depending upon the system). A primary value of this type of analysis is speed. Portable GC-MS analysis time is dependent upon the amount of time required for the sample to travel through the GC. Therefore, in MS-only mode, response is almost real time. There are a few additional purported benefits to this mode of operation. First, the intensity of the MS-only signal may be used to deduce an approximate concentration of VOCs at the point of sampling so that optimum positioning for GC-MS sampling can be determined. Once this optimum position is located, the system can then be switched to the standard mode and air sampling for GC-MS analysis can be performed. 83 Second, MS-only mode can be used to detect ions associated with one or two specific target analytes. 84 This can be especially useful if target analytes have fragments with uncommon m/z values.
Advances that Enabled the Deployment of Portable Gas Chromatography-Mass Spectrometry to Conventional Forces
The use of portable GC-MS makes it possible for a military unit to rapidly and reliably confirm the identity of dangerous gases and vapors present in theater at very low concentrations. The evolution in design and performance of portable GC-MS systems has changed dramatically within the past 20 years, 58, 85 enabling these systems to meet the advancing needs of the military. Deployment of conventional forces has improved the analytical capabilities of these military units, especially with regard to the accuracy of the information available in time-critical situations. Conventional forces are of normal composition and tasking within the service. These units preclude or eliminate special purpose or special operations units and are service controlled and service reliant for resources and tasking. 86 Capabilities afforded by portable GC-MS are beneficial to these forces because it allows the unit to independently maintain its initiative and momentum, while at the same time enabling adjustments to both operational and strategic decisions in real time.
Before military units had the ability to perform confirmatory identifications of gases and vapors at the scene, including gases and vapors of CWAs, it was necessary for them to operate under conditions that were not ideal. In most instances, tactics, techniques, and procedures dictated that decisions were made based upon information gathered using methods and instruments designed to classify or presumptively identify these substances. These methods included wet-chemical methods, colorimetric tests, electrochemical sensors, photoionization detectors, and ion mobility spectrometers. 26, 29, 88 In other situations, samples were sent to remote laboratories, if access to such laboratories was available, for confirmatory testing. It could take days, weeks, or even months for results of testing to be returned. These limitations required that, in many instances, potentially critical intelligence be abandoned in theater, with operations continuing as if the intelligence did not exist at all. In cases of personnel exposure to hazardous chemical agents, the inability to conclusively identify the agent causing the illness frequently required that the symptoms of the exposure be treated rather than the root cause.
While there has always been the desire to confirm the identification of the widest range of gases and vapors in the field using GC-MS, the ability to successfully deploy GC-MS to conventional forces, or even to specialized military units, has historically been difficult. In addition to high maintenance and sustainment costs, hardware was heavy, cumbersome, and/or difficult to maintain. Although there were a number of GC-MS instruments designed and marketed as field portable or transportable, some of these GC-MS systems were complex from both a hardware and software perspective. 27, 89, 90 This made them difficult to use, especially when deployed to non-scientists working within harsh and/or dangerous environments. While these systems offered great capabilities when deployed to field scientists well versed in the theories of GC-MS, they were not always intuitive and durable enough for deployment to nonscientists working in theater.
Portable Gas Chromatography-Mass Spectrometry Technical Specifications that Enabled Field Deployment to Military Users
The use of analytical equipment in the field to detect dangerous gases and vapors is challenging, especially for military applications where analysis conditions may be harsh and/or dangerous and the intended operator may have a limited scientific background. In addition, the system must be capable of meeting the mission's analytical performance and deployment requirements. Advances in GC and MS hardware, as well as software and user-interface improvements, made achievement of this goal possible. 58 Regarding the GC, the use of a low-thermal-mass, resistively heated GC column capable of achieving high temperature was important. Since only the column is heated, power consumption is minimized. Column temperature is important because in order for a sample to be amenable to GC analysis, it must have an appreciable vapor pressure at the column temperature. 59 Therefore, systems with the ability to achieve higher column temperatures will have more success analyzing samples with low volatility. There are a number of low-volatility chemicals of interest to the military including V-series nerve agents and incapacitating agents. 91 Military incapacitating agents became popular during the Cold War. Materials in this class encompass a wide variety of commercially available medicinal drugs that interfere with the higher functions of the brain such as attention, orientation, perception, memory, motivation, conceptual thinking, planning, and judgment. They produce their effects mainly by altering or disrupting the higher regulatory activity of the central nervous system. 92 Rapid testing is also important and is especially critical to field users where mission strains can be very intense. An analysis using portable GC-MS systems are generally no longer than approximately 15 min, but in some systems are as short as 3 min. 56, 93 The speed of analysis is essentially dependent upon GC analysis times. The use of high-performance capillary columns that enable high resolution coupled with fast elution times that allow for such high speeds of effective separation have become important to adoption of the technology by military users.
Regarding the MS, there are a number of different designs, but the use of a toroidal ion-trap mass spectrometer with a membrane-free interface to the GC allowed for an increase in the operating pressure, while maintaining unit-mass resolution in the range of 43-500 atomic mass units. Operation at higher pressure reduces the pumping requirements and also allows direct, membrane-free introduction of the GC column into the toroidal ion-trap MS, which in turn improves detection capabilities for chemicals that are impermeable to the membrane interface of some systems. Impermeability to the membrane interface has been reported for CWAs 94 and other substances. 75 As previously mentioned, a field-portable quadrupole GC-MS was recently introduced to the market that allows for a membrane-free interface between the GC and the MS using a quadrupole MS. 77 This system uses a high-performance turbomolecular pump; while power requirements are higher for this system than they are for some of the commercially available ion-trap systems, the system runs using two standard rechargeable lithium ion batteries commonly used by military organizations. 95 Software and library features are also important for successful GC-MS deployment by military users in theater. An easy-to-use software interface with large touchscreen icons that can be operated in encumbering personal protective equipment (PPE) is helpful. Additionally, pictograms presenting step-by-step guidance make systems much more user friendly, especially when the operator is working within a harsh environment. Figure 12 show the series of pictograms displayed on the keypad of one of the commercially available portable GC-MS systems that are used to demonstrate and prompt the operator during sample injection. These types of on-board prompts can be very helpful to operators using the equipment in the field.
Library and algorithm developments are important in field-deployed systems because field users rely heavily on search results when using these systems in theater. Libraries are frequently targeted for specific compounds of interest. In addition, they sometimes employ peak deconvolution methods based upon trending mass fragments to improve detection of substances that are not well resolved in the GC. As an example of this capability, Fig. 13 shows co-eluting chromatographic peaks in a mixture sample in the retention time range of 22-25 s analyzed using portable GC-MS. Observation of the chromatogram would indicate the presence of at least three unresolved chemical species across this retention-time range. Rather than require the use of additional GC methods to achieve further separation of the GC peaks in time, the system deconvolution software monitors MS data across the chromatogram to identify ion trends and enable automatic, conclusive identification of co-eluting chemical species based upon MS differences. Figure 14 shows the chromatogram from Fig. 13 with identifications made by the on-board system using the library deconvolution software. Five different chemical species are detected and accurately identified across this retention-time range. Each colored, dashed line represents the automatic detection of a different mass spectrum. Based upon each MS and its retention time, identifications are automatically made using the on-board library search. Using systems without the capability to perform automatic deconvolution of GC peaks based upon MS differences, identification of co-eluting species requires Figure 12 . Pictograms displayed during sample analysis to prompt the operator of proper sample introduction. Figure 13 . Chromatogram of co-eluting chemicals analyzed using portable GC-MS. manual interrogation (peak walking) across the chromatogram which can significantly complicate the analysis for a field user.
Deployment to the Conventional Forces
The deployment of any piece of portable analytical equipment to conventional military forces is a complex process that requires preparation, training, logistics coordination, maintenance, and support. This process can get even more complicated for high-level systems like GC-MS due to the skill and training required to successfully operate these systems in the field. In addition, the environments within which GC-MS is expected to be deployed are dangerous from both kineticwarfare and chemical toxicity perspectives. Factors such as required PPE, extreme environmental conditions, and other mission strains can be critical challenges to success. Preparation starts before purchase with a test and evaluation plan. During this period, the military organization may plan, execute, and evaluate material solutions against approved warfighter capabilities/requirements under prescribed realistic conditions and doctrine, to determine operational effectiveness and suitability.
96 If the material solution tested and evaluated is purchased, initial deployment and training then occur and are usually followed by a period of refinement. Then, establishment and sharing of standard operating procedures and adherence to these processes for successful use and support are crucial to the success of the capability.
Initial deployment and training to the end user is important. Systems will be used in many regions of the world; deployment from the military organization's receiving agent to these end users may take months or even longer in some instances. During this time, systems are usually stored without being used, or even powered on; for portable GC-MS, this can then require extra preparation time once the system is received by the end user. This is because during long periods of storage where portable GC-MS systems are not brought to their operating pressures, contaminants will build up in the system that will need to be removed before the system will perform optimally. Although there are many potential contaminants, water vapor is the most persistent because the amount of time it takes to achieve a low enough partial pressure of water vapor can be long. This time delay is caused by the fact that the water vapor is clinging to the inner surfaces of the vacuum system with weak bonds. In a practical sense, the water cannot be pumped away until it leaves the surface, so the pump-down curve is controlled by the desorption rate of the water molecules, 97 which is longer at lower pressures. As a pump-down cycle proceeds to pressures below 10 À3 torr, water vapor becomes the dominant gas species within the partial pressures of the various residual gases remaining in the chamber. 98 Practically, the challenge of long-term storage can usually be handled by powering up the system and letting it run for extended periods of time by the end user when received. Understanding and managing this consideration for vacuum management is important.
Training is also an important aspect of portable GC-MS deployment that needs to be considered initially and throughout the life cycle of the equipment. New equipment training (NET) conducted at the time of fielding will help the user become familiar with the system's operation and maintenance. Ideally, the interface of the system software is simplified and intuitive so that basic operation and maintenance functions can be reliably performed by the end user at the completion of the NET. It is also important for the end user to learn early on about the complexity of the system, even if it seems easy to operate, so that proper care and maintenance is performed throughout deployment. Although portable GC-MS systems can be ruggedized and in compliance with military standards, 99 they are delicate instruments that will work best when they are treated well.
After the NET, longer-term sustained training is critical. During sustainment training, topics such as organic chemistry, GC-MS theory, samples and sampling procedures, practical applications, real-world scenarios, and advanced troubleshooting become more important. While these topics may be taught initially during NET, users seem to Figure 14 . Identification of co-eluting chemicals using on-board peak deconvolution.
have a better appreciation for them during sustained training, after they have been using the system and see its potential benefit to them in the field. These types of sustained trainings help the end user understand when GC-MS analysis in the field would provide benefit to their military unit and how to maximize the quality of data achieved in the field so that the best possible outcomes are achieved.
Management of the deployment of portable GC-MS to conventional military units is a complex process. Not all military units are the same; however, in most instances, a team elects a few individuals to manage and operate the GC-MS, which seems to work well. These systems offer incredible potential to a military unit but are more difficult to use and maintain than most other analytical equipment deployed in the field to military users. With proper training and management, though, these systems have been effectively used and maintained in theater to achieve results not possible using other methods. While deploying this type of equipment, it is likely that challenges will be experienced. However, the benefit of having GC-MS capability at the sample site has advantages that can make the effort worthwhile.
Conclusion

What Does the Future Hold?
A primary purpose of GC-MS in military applications is for the detection and confirmatory identification of CWAs. This is important because it allows these teams to gather reliable, actionable information that independently enables the maintenance of a team's initiative and momentum. Advances in hardware and software of portable GC-MS technology over the past 20 years have enabled this extension of portable GC-MS from users such as environmental scientists working in the field, to non-scientist warfighters working in military theater. Innovation of these systems continues.
In a future of ever-changing dynamic operational environments, the need to identify a threat or a substance becomes increasingly important. Chemical warfare agents, especially nerve agents including VX, VR, and the Novichoks, are different from the chemicals that have historically been used in warfare. Aside from being more lethal than previous agents, 21, 22 they also have different physical properties. The V-agents are oily liquids with high boiling points, low volatility, and result in high persistency. On the other hand, the vapor pressures of the G-series nerve agents are sufficiently high for the vapors to be lethal rapidly. The volatility of the substance is a physical factor of importance. GB is so volatile that small droplets sprayed from a plane or released from a shell exploding in the air may never reach the ground. This total volatilization means that GB is largely a vapor hazard. At the other extreme, agent VX is of such low volatility that it is mainly a liquid contact hazard. 22 Classifying V agents as non-vapor threat agents may not be entirely appropriate, as these agents can penetrate the airways if they adhere to dusts, mists, and fog particles, thereby causing significant effects. 100 Aside from portable GC-MS, chemical detection equipment currently employed in the field would not work well to detect or reliably identify these nerve agents, especially those with low volatility.
The use of lower-vapor-pressure compounds in warfare will likely continue to be a threat. The future of portable GC-MS will remain important so that these substances can be reliably detected, and confirmatory identifications can be made in real time. The negative stigma across the globe that surrounds the use of chemicals on the battlefield makes ambiguous statements regarding their employment or existence completely irresponsible. To prevent the proliferation of such ambiguous statements and the persistent sharing of false information, detection, and confirmatory identification of these substances at the same site is critical.
